INTRODUCTION
Ischemic stroke is the leading cause of death worldwide and a major cause of severe disability among adults. Surviving patients demonstrate a remarkable decrease in brain plasticity and restoration of normal cognitive function [1] . Despite several therapeutics that have been undertaken, most Phase III clinical trials conducted to date have failed [2] . It is thus critical to investigate molecular mechanisms to identify potential therapeutic targets and to bring them into the translational arena with the goal of developing novel treatment strategies for neuroprotection. Global ischemia which is a severe form of stroke arises as a consequence of cardiac arrest, cardiac surgery, profuse bleeding, near-drowning and carbon monoxide poisoning [3] [4] [5] [6] . Global ischemia in humans or induced experimentally in animals causes a selective, delayed death of hippocampal CA1 pyramidal neurons and severe cognitive deficits [4] [5] [6] [7] . Early events include mitochondrial dysfunction, cytochrome c release, alteration of Bcl-2 family proteins and caspase activation [8] [9] [10] [11] .
Four-vessel occlusion (4-VO) is a well-established animal model for studying of global ischemia. Although the 4-VO model induced neuronal death in the hippocampal CA1 at 7 days after occlusion, the onset of histologically-detectable cell death does not manifest until 48 hours [4] [5] [6] 12] . The substantial delay between neuronal insult and cell death is consistent with a role for alterations in gene expression. This affords a defined window of time to examine molecular and cellular alterations which would allow us to understand mechanisms underlying the pathophysiology of global ischemic stroke.
Growth arrest and DNA-damage inducible protein 45 is a highly homologous family of proteins consisting of growth arrest and DNA-damage-inducible protein 45 alpha (Gadd45a), beta (Gadd45b), and gamma (Gadd45g) Gadd45 plays an essential role in various cellular functions including DNA repair, cell survival, apoptosis and DNA methylation [13] [14] [15] . In this study, we investigated the role of Gadd45b in global ischemiainduced neuronal death. Brain-derived neurotrophic factor (BDNF) has been shown to be a target of Gadd45b-induced DNA demethylation in neural activity-induced proliferation of neural progenitors and dendritic growth of newborn neurons in the adult hippocampus [16] . This study showed that Gadd45b binds the bdnf exon IX promoter and increases DNA demethylation which in turn, activates BDNF gene expression in response to electroconvulsive treatment in wild type but not in Gadd45b knockout mice. Subsequent studies have shown that Gadd45b regulates BDNF expression in neurodegeneration induced by focal ischemia [13, 17] .
The present study was undertaken to decipher the molecular pathways that mediate the neuroprotective functions of Gadd45b against ischemic insults. Here we show that Gadd45b is increased in hippocampal CA1 neurons transiently at 24 and 48 hours after global ischemia. The increase in Gadd45b coincides with an increase in its target BDNF, indicating induction of an intrinsic neuroprotective factor in neurons destine to die at early time points after ischemia, prior to the onset of histologically detected neuronal death. We further show that knockdown of Gadd45b activates a pro-apoptotic protein Bax while decreasing the antiapoptotic protein Bcl-2, which together accelerate neuronal death. These findings demonstrate a causal relation between increase in Gadd45b and neuroprotection in neuronal death associated with global ischemia. Taken together, this study provides new insights into the molecular mechanism of Gadd45b as a protective effector underlying the pathophysiology of global ischemia.
MATERIALS AND METHODS

Animal Model
Rats were subjected to transient global ischemia by means of the 4-VO method as previous described [12, 18] . For sham surgery, animals were subjected to the same anesthesia and surgical conditions, except that the carotid arteries were not occluded, and the animals were killed at 24 hours, 48 hours, and 7 days. Body temperature was maintained at 37.5°C ± 0.5°C by external warming until recovery from anesthesia. Animals that failed to show complete loss of the righting reflex and dilation of the pupils 2 minutes after occlusion were initiated and the rare animals that exhibited behavioral manifestations such as abnormal vocalization when handled, generalized convulsions,
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Tissue Preparation, Immunofluorescence, Confocal Imaging
All rats (sham, 24 hours, 48 hours, and 7 days after 4-VO, n = 4 for each) were killed, and brains were collected for immunofluorescence. Samples were prepared as 18-μm-thick sections. Sections were submerged in 4% para-formaldehyde for 30 minutes, and antigen retrieval procedure was performed as previously described [19] . Brain sections were stained with Gadd45b, phospho H2A.X, cleaved caspase-3 specific antibodies (Table 1) .
Images were acquired on a Zeiss LSM 880 confocal system using a z-track configuration.
Histology and Fluoro-Jade staining
Neuronal cell death was assessed by histological examination from animals killed at 7 days after sham or 4-VO surgery. Animals were perfused using 0.9% saline with heparin followed by ice-cold 4% paraformaldehyde in 0.1M phosphate buffered saline (pH, 7.4). Coronal sections (20 μm) were cut at the level of the dorsal hippocampus with a cryostat and processed for staining with cresyl violet or Fluoro-Jade C. All analysis was conducted with blind test.
Primary Neuron Culture
Primary cortical cultures were prepared from E18 rat embryo tissue. Cortices were dissected and dissociated with trypsin. Cells were plated at a density 8,000 cells/cm 2 on poly-L lysine coated plates and maintained in Neurobasal medium with B-27 supplement, and GlutaMAX.
Immunoblotting
Sham or 4-VO treated hippocampi were separated from the brains and CA1 subfield was rapidly microdissected. Each specimen was homogenized in lysis buffer as described in [18] . Equal concentrations of protein (30-50 μg) were separated on 4%-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels, transferred to nitrocellulose membranes and incubated with GADD45b, cleaved caspase-3, cycline dependent kinase 1 (CDK1), phospho-H2A.X, Bcl-2, Bax, cytochrome c, CoxIV, BDNF, and β-actin specific antibodies followed by chemiluminescent detection (Table 1 ). Band densities were normalized to β-actin or tubulin. Mean band densities for samples from experimental animals were normalized to the corresponding samples from control neurons or sham animals.
Gadd45b-shRNA and Neuronal Transfection
Lentiviral vectors encoding Gadd45b RNAi were generated and evaluated for specificity and efficacy of Gadd45b knockdown. In this study, we used 2 RNAi antisense sequences targeted to Gadd45b: shRNA-Gadd45b #1 (TCAGGGTATCAGGCATG-CAAAGGCTGGCG), and shRNA-Gadd45b #2 (CCTGGT-CACGAACTGTCATACAGATTCCT). A nontargeting (NT) control shRNA (GGGTGAACTCACGTCAGAA) was used for negative control. All viral vectors were purchased from Applied Biological Materials, Richmond, BC, Canada. These lentivectors are based on the same plasmid backbone (piLenti-siRNA-GFP). HEK-293T cells were transfected with lentiviral transfer construct piLenti-siRNA-GFP and packaging constructs pMDLg-pRRE and pRSV-REV and pMD2.G envelope protein construct by means of calcium phosphate method.
LDH Cytotoxicity Measurement
Cell death was quantified by measuring lactate dehydrogenase (LDH) activity released into the culture medium from damaged cells. LDH was measured using a LDH-Cytotoxicity Assay Kit II (Abcam, Cambridge, MA, USA) according to the manufacturer's instructions. LDH concentrations were normalized to the mean concentration of cells exposed to 400μM H2O2 (100%, full kill) after subtracting the mean value of sham-washed control cells (0%) [20] . Quantitative RT-PCR RNA was extracted using PureLink microto-midi total RNA purification system (Invitrogen, Carlsbad, CA, USA) from hippocampal CA1 region. RNA was reverse-transcribed to cDNA with SuperScript III Reverse Transcriptase (Invitrogen). Quantitative real time-polymerase chain reaction (qRT-PCR) for the detection of Gadd45b, Wnt1, Wnt3a, Wnt4, Wnt5a, Wnt7a, Wnt7b, Wnt9a, Bdnf, and Gapdh as a housekeeping gene of mRNA was performed using the power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) ( Table 2) .
Statistical Analysis
Data are expressed as mean ± standard error of the mean. We conducted the data analysis using Student t-test (2-tails) for comparative assessment. Values were considered significant if P ≤ 0.05.
RESULTS
Neuronal Death Is Focused on Pyramidal Neurons in Hippocampal CA1 in Global Ischemia
We subjected adult rats to global ischemia or sham operation ( Fig. 1A ) and validated the pattern of neuronal death. Global ischemia induced a loss of neurons and a significant number of damaged cells with pyknotic nuclei specifically in the hippocampal CA1, but not CA3 or dentate gyrus as assessed by Nissl staining (Fig. 1B, C) . We next performed Fluoro-Jade (FJ) staining, an indicator of compromised neurons, to assess neuronal death. Visualization of FJ positive neurons were observed only in the hippocampal CA1 in ischemia, not in sham animals (Fig.  1B, C) . Thus, these results reveal that the 4-VO model in rat induces selective cell death that is largely restricted to the pyramidal neurons of the hippocampal CA1.
Apoptotic Neuronal Cell Death and DNA Damage Arises After Ischemia
To identify molecular mechanisms underlying delayed, selective neuronal cell death after global ischemia, we examined the protein abundance of the pro-apoptotic marker cleaved-caspase 3 and phospho-H2A.X, a maker for a DNA damage. Immunoblot analysis showed that cleaved-caspase 3 was increased in hippocampal CA1 at 24 and 48 hours after ischemia which are the time points we assessed ( Fig. 2A left) . This finding is in corroboration of the previous studies [8, 21] . In addition, phospho-H2A.X expression was increased at 24 and 48 hours after ischemia ( Fig. 2A right) . Immunofluorescence labeling revealed that cleaved-caspase3 and phospho-H2A.X are increased at 24 and 48 hours after ischemia in hippocampal CA1 (Fig. 2B) . Consistent with this, a major cell cycle G2/M regulator, the CDK1 was time dependently decreased (Data is not shown). Taken together, these data indicate that global ischemia triggers DNA-damage, which induces apoptosis in hippocampal CA1 neurons.
Activation of Bax Leads to Mitochondrial Dysfunction and Cytochrome c Release in Ischemia
Insufficient oxygen triggers the mitochondrial dysfunction in global ischemia [8] [9] [10] [11] . For more detailed analysis, we isolated mitochondrial and cytosolic fractions of hippocampal CA1 from both sham and ischemia. We found cytochrome c is reduced in the mitochondrial fraction and increased in cytosolic fraction at 24 hours after ischemia (Fig. 3A) . These findings suggest that compromise of the integrity of the outer mitochondrial membrane promotes cytochrome c release from the mito- chondria to cytosol in response to ischemic insults, an initial step in the apoptotic pathway. Next, we examined whether apoptosis related factors such as Bcl-2 and Bax are involved. Anti-apoptotic factor Bcl-2 was reduced, and pro-apoptotic factor Bax was increased at 24 hours after ischemia (Fig. 3B, C) . These data strongly suggest that global ischemia induced oxidative stress triggers a reduction in Bcl-2 and increase in Bax abundance, indicative of the progression of apoptotic cell death.
Wnt Family and Gadd45b are Upregulated in IschemiaInduced Neuronal Death
The Wnt signaling pathway is involved in growth of neural progenitors during neuronal repair [22] . Gadd45b has been known to be involved in the Wnt signaling cascade by regulating Dickkopf-1, a negative modulator of Wnt signaling [23] . Moreover, Dickkopf-1 is increased in hippocampal CA1 neurons and is required for the development of ischemic neuronal damage , and injured CA1 pyramidal neurons by Fluoro-Jade staining (lower) (n = 7 for sham, 4 for ischemic animals). so, stratum oriens; sp, stratum pyramidale; sr, stratum radiatum; ML, molecular layer; GL, granular layer; H, hilus; SL, stratum lacunosum-moleculare. ****P < 0.0001. Scale bar is 50 μm. [24] . In this study, we examined the gene expression of several Wnt family members during different time periods after ischemia using qRT-PCR. Wnt1, 5a and 7b are all significantly increased at 24 hours after ischemia (Fig. 4A) . We hypothesized that an increase in Wnt signaling would result in a concomitant upregulation of Gadd45b. Interestingly, gene expression of Gadd45b was increased at 24 hours after ischemia (Fig. 4B) , moreover, Gadd45b protein expression was increased both at 24 and 48 hours after ischemia (Fig. 4C) . The images of Gadd45b immunostaining in hippocampal CA1 supported the protein level pattern at 24 and 48 hours after ischemia (Fig. 4D) . These data show that a set of Wnt family genes and Gadd45b expression are increased in response to ischemic insults possibly to act as a neuroprotective factor against ischemic insults.
Knockdown of Gadd45b Accelerates Neuronal Death
Gadd45b is thought to play an important role in apoptosis signaling. We designed 2 different shRNA constructs directed against Gadd45b (see MATERIALS AND METHODS Section). First, we validated knockdown efficiency of Gadd45b-shRNAs (C) Pro-apoptotic protein, Bax expression levels in whole cell lysate form hippocampal CA1 at 24 hours after ischemia. Quantifications were normalized by Cox IV for mitochondrial fraction and β-actin for cytosolic fraction and whole cell lysate expression (n = 4 for each group). *P < 0.05. ***P < 0.001. by immunoblot analysis which showed Gadd45b abundance was decreased about 40% by Gadd45b-shRNA #1 and 55% by shRNA #2 (Fig. 5A ). Using these 2 Gadd45b shRNAs, we subjected cortical neurons to H2O2 (50µM) or vehicle and assessed cell death as a function of LDH activity in the medium. LDH assay is a well-established method to monitor cell damages [20] . Interestingly, LDH release was markedly increased in rats treated with sh-Gadd45b compared to that of rats treated with NT shRNA in a H2O2-induced model of neuronal death (Fig. 5B) indicating that knockdown of Gadd45b accelerated neuronal death. Moreover, protein levels of apoptotic factors involved in mitochondrial dysfunction were changed in sh-Gadd45b-treated group. The anti-apoptotic factor Bcl-2 was further decreased, and the pro-apoptotic factor Bax was further increased in the sh-Gadd45b-treated group compare to sh-NT treated group in H2O2-induced model of neuronal death. These results indicate that knockdown of Gadd45b is critical to the neuronal death associated with mitochondrial dysfunction. Collectively these findings strongly suggest that Gadd45b acts as a protective effector in neurons against neural insults.
Global Ischemia Upregulates Gadd45b Downstream Target BDNF
The findings thus far have indicated that Gadd45b is upregulated in insulted hippocampal neurons and that the increase in Gadd45b plays an important role in for neuroprotection, but do not address whether Gadd45b downstream mechanisms critical to neuroprotection can be activated. To address this issue, we examined the abundance of BDNF, a known target of Gadd45b-mediated DNA demethylation and an anti-apoptotic protein. Both mRNA and protein levels of BDNF are significantly increased at 24 and 48 hours after ischemia (Fig. 5E, F) while BDNF mRNA level is decreased at day 7 after ischemia ( Fig.  5E ). These results demonstrate that upregulation of BDNF and
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are consistent with the concept that Gadd45b affords a neuroprotective role at the times of after ischemic insults.
DISCUSSION
Global cerebral ischemia is characterized by the critical reduction of cerebral blood flow to the brain. Global ischemia can be modeled in rodents by several different approaches. In this study, we used the 4-VO method, leading to selective neuronal cell death in hippocampal CA1 and cognitive dysfunction [4] [5] [6] [7] . In this study, we examined gene expression and protein abundance over time of neuroprotective regulators after ischemic insults. Our comparative analyses of the time-course expression profiles suggest a defined window of opportunity to not only study molecular changes resulting from ischemia, but also potential therapeutic targets prior to irreversible neuronal cell death.
Cell death facilitated by DNA-damaged plays a critical role in ischemia. Numerous studies have shown that DNA damage in neurons is a prominent event during ischemia [25] . After ischemia followed by reperfusion, we show that DNA damage occurred at 24 and 48 hours, and correlated with the onset of apoptosis in hippocampal CA1 neurons; A majority of dying neurons leads to increase expression of cleaved-caspase-3 and phospho-H2A.X after brain injury (Fig. 2) . In addition, neuronal injury of ischemia leads to impairment of mitochondrial function which plays an essential role in normal statement of neurons through the calcium homeostasis [8] [9] [10] [11] . Mitochondrial dysfunction results in loss of cytochrome c from mitochondria and this process impairs cellular oxygen level and activates caspase cascade [8] [9] [10] . In our study, we showed cytochrome c release and abnormal changes of apoptotic proteins involved in mitochondrial function after global ischemia ( Model depicting a hypothetical mechanism by which growth arrest and DNA-damage-inducible protein 45 beta (Gadd45b) protects neurons against ischemic insults and activates its DNA methylation target brain-derived neurotrophic factor (BDNF). To compensate neuronal damages, global ischemic insults promote activation of Gadd45b and its binding to the promoter of BDNF exon IX. This, in turn, removes DNA methylation of cytosine residues at its promoter, allowing for activation of BDNF expression. Gadd45b can promote neuroprotective mechanisms in which indirectly inhibits Bax activation while increases Bcl-2 abundance. In consequence, the mitochondrial function is restored and it allows to block caspase activation. 3). This is significant in that our findings suggest a novel target not only for global ischemia, but also for other neurological disorders and diseases in which mitochondrial function is impaired.
Gadd45 family members are involved in regulation of stress related pathways such as p53, TGFb, MAPKs/NF-kB, and Wnt signaling [26] [27] [28] . It also has been reported that the Wnt/ β-catenin signaling pathway is involved in neural survival and function in neurodegeneration associated with ischemic stroke [29] [30] [31] . Our results in global ischemia showed that expression of Wnt1, 5a, 7b genes are significantly increased at 24 and 48 hours after neural insults, indicating that regulation of Wnt signaling is probably involved in the pathogenesis of neuronal cell death after global ischemia. While we only showed gene expression patterns of a subset of Wnt family members, further studies are required to elucidate the interaction with Wnt signaling in ischemia-induced neuronal death and examine how Gadd45b is involved in or regulate the Wnt signaling pathway.
The most vital mechanisms that decide between neuroprotective and apoptosis remain a point of controversy. In this study, we hypothesized that neuroprotective molecules could promote the rate of neural survival after ischemic damage. The Gadd45 family had been previously identified as stress-response genes in physiological condition [27, 28] . Among this family, Gadd45b had been implicated as an anti-apoptotic factor [32] [33] [34] . BDNF is well known neuroprotective factor. BDNF inhibits caspase-3 cleavage and activation following hypoxic-ischemic injury [35] . Here we showed that ischemia significantly, but transiently increased Gadd45b mRNA at 24 hours and protein at 24 and 48 hours which are early time points of neural insults, and declined by 7 days after ischemia in hippocampal CA1 neurons. We further showed that knockdown of Gadd45b decreases anti-apoptotic factor Bcl-2 and increases pro-apoptotic factor Bax abundance which together accelerate H2O2-induced neuronal death in primary cultured neurons suggesting a causal relation between Gadd45b and neuroprotection. Our findings suggest Gadd45b as a neuroprotective effector against mitochondrial dysfunction by regulating Bcl-2 and Bax. Consistent with increase in Gadd45b, neuroprotective effector BDNF gene and protein levels are increased at 24 and 48 hours after ischemia (Fig. 5) . This is significant in that BDNF is implicated as a DNA demethylation target of Gadd45b. Gadd45b removes methylation in the promoter of bdnf exon IX which promotes BDNF gene expression [16] . Consistent with the neuroprotective role of BDNF, Gadd45b thus attenuates apoptosis by increasing expression of BDNF in the cortex in a model of focal ischemia
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We have begun to screen for promising targets in understanding the neuroprotective effects in our ischemic model. There is an abundance of studies describing the molecular mechanisms of antiapoptotic processes after brain injury. Notably, this research has elucidated the profiling of gene expression and protein level in ischemia model. We demonstrate that Gadd45b and BDNF have a key neuroprotective effect after brain injury. To better understanding the protective effect against ischemic insults, overexpression of Gadd45b studies will be required to investigate the mechanism of the protective function.
In summary, we suggest the time-window and key contributors, Gadd45b and BDNF, for neural protection in global ischemia by regulating mitochondrial function (Fig. 6 ). These findings represent a previously unappreciated role for Gadd45b in neuronal death associated pathways with global ischemia and identify a novel therapeutic target for amelioration of the neurodegeneration.
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